Abstract: We propose and theoretically investigate an all-dielectric bowtie whisperinggallery-mode (WGM) resonator which consists of two tip-to-tip coupled semiconductor nanorings with triangular cross section separated by low refractive index material gap. Mode splitting of symmetric WGM and antisymmetric WGM is observed and analyzed. Due to extremely field enhancements by the "slot" and "tip" effects, strong localization of light in the gap of symmetric WGMs leads to ultrasmall modal volume of 0.3 μm 3 . This value is two orders of magnitude smaller than that in toroidal microresonator which is the typical WGM microcavity with tight mode confinement. Importantly, large amount of light confined in the gap in bowtie WGM resonator not only suppresses the radiation loss (radiation-loss-related quality factor is above 10 8 ), but also makes it as an ideal platform for Purcell effect enhancement, ultrasensitive sensing, and optical trapping of nanoparticles. Calculation results show that Purcell factor can reach to 10 8 at room temperature when assuming quantum dots or atoms placed in the gap. Refractive index sensitivity is improved to 700 nm/RIU as compared with conventional slot waveguide with rectangular cross section. The optical gradient force is greatly enhanced and allows efficient trapping of single nanoscale particle with diameter of 5 nm even at a relatively large gap of 100 nm.
Introduction
The interaction between light and matter is one of the most fundamental interactions in nature. Miniaturization and integration of photonic components, such as optical cavities or waveguides, have plenty of advantages for enhancing light-matter interaction in fundamental quantum-electrodynamics experiments [1] , nonlinear optics [2] , imaging and sensing in biology [3] - [6] , and low threshold lasers [7] - [9] . The miniaturization of photonic components is hampered by the diffraction limit of light thus the minimum dimension is limited to half the wavelength of light. One approach to addressing this issue is exploiting the Surface Plasmon waves [10] at the boundary of dielectric and metallic materials where light can be confined into dimensions smaller than the diffraction limit. Although ohmic dissipation in metals can severely limit the performance of plasmonic based photonic components, many useful functionalities such as extreme light concentration, bio-sensing and Purcell enhancement over a broad operation bandwidth in plasmonic antennas [11] , lenses [10] and resonators [12] - [14] have recently been realized. Another approach to confining and guiding light in a nanometer-size low refractive index material beyond the diffraction limit of light has been realized in a so-called slot waveguide [15] - [17] , where two strips of a high-index material separated by a subwavelength scale low-index (slot) material. Due to electric field discontinuity at the interface between high-index-contrast materials, a large amount of light is effectively localized in the slot region which makes the slot waveguide very attractive for sensing [18] and optical trapping of nanoparticles or molecules [19] .
Recently, electric field enhancement around the dielectric wedge tip has been studied in a triangle shaped resonator and waveguide for extremely light confinement with low loss [20] - [26] . In experiment, triangle shaped resonator and waveguide are fabricated by angled-etching techniques [23] , [27] , which employ anisotropic oxygen-based plasma etching at an oblique angle to the substrate surface. As a result, suspended resonator and waveguide with a triangular cross-section are formed and loaded quality (Q) factors in resonators are demonstrated above 10 5 . In this paper, we design an all dielectric bowtie whispering-gallery-mode (WGM) resonator which consists of two tip-to-tip coupled triangle shaped semiconductor nanoring resonators separated by low refractive index material. The modal characteristics of WGMs are numerically calculated. Extremely local field enhancement and light confinement of supported WGMs are achieved by slot and tip structures. The electric field of WGMs is highly localized in the slot region, as a result, radiation loss is suppressed and radiation-loss-related Q factor is above 10 8 . These features make the proposed dielectric bowtie WGM resonator as an ideal candidate for Purcell enhancement, ultrasensitive sensing and optical trapping of nanoparticle in nanoscale slot.
Structure and Modal Coupling Characteristics
The schematic of the proposed all dielectric bowtie WGM axisymmetric resonator is shown in Fig. 1(a) , where two identical triangle semiconductor nanorings are tip-to-tip placed and separated by an air gap g. The thickness of triangle semiconductor nanoring with major radius of R is denoted as t and the angle of the wedge tip is denoted as α. The curvature of wedge tip is fixed at 10 nm. The eigenmodes of the dielectric bowtie WGM resonator are calculated by a 2-D simulation method, axisymmetric finite-element method (FEM) with a commercial available software ("weak form, boundary" module in COMSOL MULTIPHYSICS 3.5A) [28] . A perfectly matched layer (PML) is used to improve the simulation accuracy. The permittivities of the semiconductor nanoring (Si) and low-index dielectric cladding (air) are ε s = 12.25 and ε c = 1, respectively.
Firstly, we calculated optical properties of suspended single triangle semiconductor nanoring resonator. Modal profiles of transverse magnetic (TM) mode and transverse electric (TE) mode for t = 300 nm and α = 100
• are shown in Fig. 1(b) and (c), respectively. Due to the discontinuity of the normal component of the electric field, the electric field of the TM mode is extremely concentrated around the wedge tip of the triangle semiconductor nanoring, which is beneficial for local field enhancement [23] , [29] and enhanced spontaneous emission of the emitters due to the Purcell effect [21] , [22] . We calculated the mode volumes of the TM mode and TE mode, respectively. The effective mode volume is expressed as [30] : The mode volumes of the TM mode and TE mode are 5.8 μm 3 and 8.8 μm 3 , respectively. Thus, the TM mode is superior to TE mode for local field enhancement around the corner of the dielectric wedge and we just focus on the TM modes in the following studies. To further enhance and confine light in a nanometer-wide region, coupled bowtie WGM resonators are proposed ( Fig. 1(a) ) and studied since they provide huge electric-field enhancement within the gap [15] . Similar to the photonic molecules, when two tip-to-tip placed triangle semiconductor nanorings are brought into proximity, their WGMs will couple and split into symmetric mode (SM) and anti-symmetric mode (ASM) [31] . The field distributions of SM and ASM with g = 10 nm are shown in Fig. 2 , from which one can see that the SM supports a more localized mode profile. Let us now consider the dependence of the modal characteristics of SM and ASM as a function of gap g, thickness t and angle of the wedge tip α. Fig. 3 (a)-(c) show the dependence of resonant wavelength, mode volume and η air with g. η air is the ratio of the electric energy confined in the air to the total electric energy of the mode. When the separation g is large enough, modes from two single triangle semiconductor nanoring resonators are degenerate, and wavelengths are converged ( Fig. 3(a) ) which indicates no coupling occurring. And the mode volumes are just almost twice of the TM mode of single triangle semiconductor resonator which is shown in Fig. 3(b) . The coupling strength between single triangle semiconductor nanoring resonators increases as g decreases. As a result, the degeneracy is broken, and two distinct eigenmodes of SM and ASM appear [31] . The effective indexes n eff (= mλ/(2πR ), m is the azimuthal quantum number) of the SM and ASM are shown in the inset of Fig. 3(a) , where the separation of n eff between the SM and ASM becomes larger as g decreases.
For SM, strong light confinement occurs and more and more electric energies are confined in the air gap (Fig. 3(c) ) as the separation decreases. When g = 10 nm, mode volume of SM is only 0.4 μm 3 , which is two orders smaller than that of toroidal microresonators [30] . For ASM, the electric field cancels and there is no enhancement in the gap region. Thus, the mode volumes of ASM are stable as g varying. The dependence of the mode volumes of SM with t was also studied and is shown in Fig. 3(d) . Here the gap is fixed at 10 nm. As t decreases, the mode volumes decrease. However, the mode volumes increase as t decreasing further due to the diffraction limit of light [32] . The optimal t for better light confinement is about 160 nm-260 nm as shown in Fig. 3(d) . Inset in Fig. 3(d) shows the dependence of the mode volumes of SM on α when t = 200 nm. As shown, when α is around 100°, the mode volume is minimum.
Ultrahigh Purcell Factor
Extremely local field enhancement for SM is achieved by dielectric bowtie structure, thus absorption loss can be ignored, which is superior to that in metal bowtie structure [11] , [33] - [35] or dielectric bowtie nanocavities coated with metal mirrors [22] . The electric field is effectively confined in the gap, thus the radiation loss is suppressed and relatively small. The radiation loss related Q factors as a function of major radius of R with different gaps are calculated and shown in Fig. 4(a) . Here, t is fixed at 200 nm and α is fixed at 100°. Due to that smaller R leads to more radiation and bending losses, the drop-off of the Q factors is much more dramatic as R decreases for every gap. Mode volumes first decrease and then increase as R decreases, which is similar to that in hybrid plasmonic waveguide [32] . For R = 2 μm and g = 100 nm, the radiation loss is huge and the Q factor is only about 50. The localization of the mode is very weak which can be seen in Fig. 4(b) . For R = 20 μm and g = 10 nm, Q factor is over 10 8 which is comparable with that in typical WGM microcavities (e.g., microsphere [36] , microtoroid [37] and microdisk [38] ) with high Q factors. However, mode volume is at least one order of magnitude lower. Thus, the proposed dielectric bowtie microcavity with a high quality factor Q, and a mode confined in an ultrasmall volume V enhances the density of photon states by a factor known as the Purcell factor [39] which is expressed as:
Calculation results of Purcell factors are shown in Fig. 4(c) , where one can see that an exceptionally high Purcell factor of over 10 8 can be obtained at room temperature. Purcell factor achieved in proposed all dielectric bowtie WGM resonator is at least two orders larger than that in conventional WGM resonators, plasmonic nanocavities and Photonic-Crystal (PC) nanocavities. For example, toroidal microcavities with Q factor above 10 8 and model volumes about 100 μm 3 have Purcell factor of 10 4 [40] . Though extremely small mode volume of two orders smaller than the diffraction limit found in plasmonic nanocavities, Q factor limited by metal absorption loss is below 100 and Purcell factor is typically below 10 4 [12] , [41] . In dielectric bowtie nanocavity [22] , Q factor is improved and Purcell factor is about 10 5 (10 7 ) at room temperature (4 K). Purcell factor of the carefully designed PC nanocavities can reach to 10 5 − 10 6 [42] , [43] .
Sensing Performance
A remarkable characteristic of slot waveguide [15] or microcavity [17] that confining and guiding light in nanometer-size low refractive index material makes them very attractive for sensing and optical manipulation of nanoparticles and biomolecules applications [16] , [18] , [19] , [44] . We study the sensing performance of dielectric WGM resonator with the cladding material assumed as water with permittivity ε c = 1.33 2 . As a large amount of energies confined in the gap, the absorption loss by water cannot be ignored. The imagine part of ε c is set as −3.577 × 10 −6 according to the water absorption coefficient at 1550 nm [45] . We calculated both the absorption-related Q abs , radiationrelated Q rad , total Q tot (= 1/ Q abs + 1/ Q rad ) and the results are shown in Fig. 5(a) . Here t is fixed at 200 nm, α is fixed at 100°and the radius of the bowtie WGM R is set as 20 μm. As g increases, mode is less confined and energy radiates into the surrounding media, thus the Q rad which is calculated by omitting the imagine part of permittivity of water decreases dramatically. When g is smaller than 30 nm, Q tot is limited by the absorption loss. When g is larger than 30 nm, Q tot is limited by the radiation loss. Homogeneous refractive index sensitivity S (= δλ/δn) is calculated by changing the refractive index of gap material of 0.0001 and shown in Fig. 5(b) . The sensitivity is above 700 nm/RIU, exceeding that in conventional dielectric WGM microcavity [46] , Surface Plasmon microcavity [13] . The sensitivity increases as g increases. However, Q tot decreases dramatically as g increases and the minimum detection for the bowtie WGM resonant sensor will be limited. Therefore, a fine balance needs to be met between achieving both high Q and high sensitivity. To address this issue, resolution R e is introduced and defined as: Fig. 5(c) shows the R e as a function of g and it is easy to find that smaller gap is preferred for achieving lower detection for a sensor.
Sensitivity of slotted WGM resonator with two coupled rectangular rings (inset in Fig. 5(b) ) is also calculated and plotted in Fig. 5(b) . Sensitivity of proposed bowtie WGM resonator is obviously larger than that in conventional slotted WGM resonator as more energies are confined in the gap region.
Fixing g = 10 nm and varying t, sensing performance is calculated and shown in Fig. 6 . When t is smaller than 190 nm, Q tot is limited by the radiation loss. When t is larger than 190 nm, Q tot is limited by the absorption loss. S decreases as opposed to the tendency of Q tot as t increases. From Fig. 6(c) , one can easy to find that t > 190 nm is preferred for achieving lower detection for a sensor. 
Enhanced Optical Force
Optical trapping and manipulation of micron/nano-sized particles are becoming progressively important techniques in biotechnology due to their noncontact nature [47] . However, traditional optical tweezers are intrinsically limited by the diffraction limit, as dictated by Abbe's law. Making use of photonics micron/nano waveguide and resonator where light can be confined beyond the diffraction limit of light promotes the development of optical trapping techniques. As we have demonstrated that light can be extremely confined in nano-scale gap, gradient optical force will be greatly enhanced. Next we calculate the optical trapping force on a single polystyrene nanoparticle with diameter of 2r p = 5 nm and permittivity ε p = 1.59
2 . Here R = 20 μm, α = 100 • and t = 200 nm. As the diameter of the polystyrene nanoparticle is much smaller than wavelength [48] , [49] , gradient optical force applied on a Rayleigh particle can be expressed as:
where U is the optical trapping potential, n c is the refractive index of surrounding environmental medium (water, ε c = n 2 c ), E is the electric field, α is the polarizability of the nanoparticle and written as:
Optical trapping force and trapping potential were calculated and shown in Fig. 7 . The optical force is normalized with the total power of the WGM mode. From Fig. 7(a) one can see that the optical force along r direction F r decreases as g increases. As indicated in (4), the maximum optical force for a given gap separation occurs at the where the optical field gradient is largest. When g = 10 nm, the maximum of the optical force F r per unit optical power can be reached to 14 pN/mW, which is several orders of magnitude larger than that in dielectric waveguide [19] , hybrid plasmonic waveguide [48] , [50] and conventional WGM microcavity [51] attributed to the extremely local field enhancement in the nanoscale gap region. The maximum of the optical force F z shown in Fig. 7(c) occurs at the interface of the silicon and water due to the discontinuity of electric field at the interface. The sign of the trapping forces is flipped when the particle moves both across the x = 0 and z = 0 points. Here, the origin of the coordinate is at the center of the gap. Thus, the particle can be trapped and immobilized right at center of the gap region, which is superior to that in previous plasmonic waveguide where trapping effect only exists in one dimensional [48] , [50] .
The optical trapping potentials along r and z directions according to trapping force integration are shown in Fig. 7(b) and (d) , respectively. The optical trapping potentials decrease as gap increases. For g = 10 nm, the maximum of optical potentials U r and U z are 45 k B T/W and 25 k B T/W , respectively, where the Boltzmann term k B T is used to represent the random thermal energy of the nanoparticle due to Brownian motion. These values are one order of magnitude larger than those in plasmonic waveguide [48] , [50] . Here, we define the zero-point potential as the nanoparticle is 100 nm away from the resonator center. Thus, the maximum of U r and U z per unit optical power are much larger than the Brownian motion of nanoparticle, the proposed bowtie WGM resonator can trap nanoparticles stably. The trapping region (shaded region denoted in Fig. 7(b) ) for g = 10 nm, 20 nm and 30 nm with optical trapping potential along radial direction larger than 1k B T are around 150 nm.
In plasmonic waveguide [48] , the maximum of optical potential is lower than 1k B T/W as gap between the waveguide and metal substrate larger than 30 nm. That is there is no trapping effect for g > 30 nm. However, the maximum of optical potential U r is just about 1 k B T/W for g = 100 nm shown in Fig. 8(a) in proposed bowtie WGM resonator. At the same time, the maximum of optical potential U z is also larger than 1 k B T/W for g = 100 nm shown in Fig. 8(b) . Thus, the proposed bowtie WGM resonator can trap single or multi nanoparticles stably for a relatively large gap, which alleviates the difficulty of fabrication of bowtie WGM resonator.
For future experimental fabrication of the present dielectric bowtie resonator, two semiconductor triangular nanorings with precise size can be firstly fabricated by angled-etching technique [23] , [27] or synthesized via a chemical vapor transport process [52] . One nanoring with wedge tip up is placed on silica or low refractive index substrate. The other nanoring with wedge tip down is manipulated by a tungsten or fiber tip [53] to position just above the first nanoring. We believe that, at least in principle, the proposed bowtie resonator can be fabricated by current nanofabrication and micromanipulator technology. The mode in dielectric bowtie WGM resonator can be accessed evanescently using a tapered fiber. This coupling scheme provides a convenient way of exciting and probing confined mode.
Conclusion
In summary, we proposed and numerically studied a novel bowtie WGM resonator which consists of two identical triangle semiconductor nanorings tip-to-tip placed and separated by a gap with low refractive index material. Double enhanced slot and tip effects lead to extremely field enhancement and light confinement of WGMs with mode volume of only 0.3 μm 3 , which is at least two orders lower than that in toroidal microresonator at the same size. Superior to strong light confinement in plasmonic resonator at the cost of high metal absorption loss, the strong light confinement in the proposed all dielectric bowtie WGM resonator is lossless and Q factor is higher than 10 8 . Strong localization of light in the nanoscale gap can enhance the Purcell effect when putting atoms or quantum dots in the gap and Purcell factors can reach to 10 8 at room temperature. As a sensor, the RI sensitivity is also improved and boosted to 700 nm/RIU. Furthermore, we have demonstrated that the proposed bowtie WGM resonator can trap nanoparticle with diameter of only 5 nm stably by the enhanced optical gradient force even with a relatively large gap of 100 nm.
